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Aluminum grain refinement has been widely used by aluminum alloy manufacturers 
more than 60 years. It primarily consists of adding aluminum master alloys to pure 
aluminum or aluminum alloy melts. The purpose of adding the grain refiner is to make 
alloy castable for ingots and castings by reducing grain size to prevent hot tearing from 
formation. 
However, there is still no agreement on the mechanism of the grain refinement process 
despite availability of the nucleate and solute paradigms. The nucleant paradigm 
supporters believe that finer grain size is the result of adding foreign particles as nucleant 
sites for grain refinement while the solute paradigm supporters suggest that the 
segregation ability of the solute elements is the main reason of refinement. This study 
briefly examines the paradigms and moves on to develop a new approach for evaluating 
the mechanism and effectiveness of aluminum in grain refinement. 
Popular grain refiners Al-3Ti-1B and Al-5Ti-1B from different manufacturers have been 
used in this study to test their effectiveness. The criteria for grain refinement based on the 
growth restricting factors have been discussed and compared with experimental data in 
 xi 
the study. Detailed microscopic evaluations of the test samples show the effectiveness of 
grain refiner by comparing the grain size. 
Furthermore, the morphologies of compound particles, such as TiB2 and Al3Ti, in 
different grain refiners and from different makers have been observed by deep etching 
and SEM images. The function and formation of the compound particles on grain 




CHAPTER 1. INTRODUCTION 
Optimizing the industrial application of aluminum grain refinement is always an 
area of interest and a target for research. The purpose of grain refinement is not only to 
achieve fine grain size, but also to improve the mechanical properties of materials and 
understand the mechanism of grain refinement well. In metal processing and producing 
manufacturing, grain refinement is a relative mature and common process which has been 
used on a lot metals, such as magnesium, aluminum, by more than 50 years’ practice and 
investigation. From its early days when grain refinement was done by adding titanium to 
an aluminum melt, the refining process has been optimized and extensively improved. 
Today the more traditional methods of grain refinement include addition of grain refiners, 
leading to the formation of a fine equiaxed structure can be obtained by restraining the 
growth of columnar grains and by providing nucleation sites for new grains. It is 
expected that the research can enhance the castability of an alloy due to the reduced grain 
size. 
Aluminum grain refining by using Al-Ti-B refiners have been widely known to be 
powerful in casting pure aluminum and aluminum alloy (Wang et al., 2011). Al-Ti-B 
refiners have been manufactured and used most commonly by casting industries without 
clear statistics that presents the difference between the similar master alloys products 




compare and find the grain refiner with best effectiveness from two different types of Al-
Ti-B sample refiners and four manufactures.  
Notable findings include the distribution and aggregation of compound particles 
like Al3Ti and TiB2, observed by both a scanning electron microscope (SEM) and a 
transmission electron microscope (TEM). The observed particles are subsequently 
analyzed to see if there is any influence on the performance and efficiency of the grain 
refining process. The observation and analysis of sample data is presented and discussed 
in the thesis.  
Other aspects of the research are worth noting include that the grain refinement 
has been found to have many benefits in direct chill casting operations including reduced 
hot tearing susceptibility and homogenization time as well as improved mechanical 
properties (Campbell, 2011). The relationship between the measured grain sizes, 
calculated Q and ΔT are plotted and discussed. 
1.1. Scope 
The scope of this research project was to observe, evaluate, and improve the 
performance and efficiency of aluminum grain refiners. The morphology of the 
compound particles in master alloys needed to be approached by observation. The 
experiments of selected master alloys would be conducted in industrial plant using all the 
equipment for production to ensure that the experiment would be applicable and 
repeatable under conditions that exist in an industrial environment. The refined grain size 
of each sample would be determined by using a microscope and using a method 




scanning electron microscopy (SEM) micrographs are used to capture and record 
micrographs of test samples. The grain refiners’ effectiveness was to be compared and 
evaluated and the function of compound particles was to be determined. Once the 
mechanism of compound particles is explored, recommendations for improving the grain 
refiner’s efficiency are presented. 
1.2. Significance 
The significance of this research project is to develop a model to calculate refined 
grain size, compare the efficiency of popular grain refiners from different manufacturers, 
and evaluate the mechanism of compound particles in master alloys by observing the 
morphologies. 
Efficiency in grain refinement is an important topic about which the industry is 
always concerned. Smaller grain size normally means better castability and same time 
mechanical property in industrial application. If the mechanism of grain refinement can 
be discovered, the methods of refining grains will be improved significantly. By 
improving the grain refiner’s efficiency, it also can enhance economic conditions for both 
industrial manufacturers and commercial consumers. 
1.3. Research Questions 
Given the above information, the research questions for this study are: Which 
kind of grain refiner is most effective? Which grain refiner manufacturer’s product 




data in the study? Which mechanism best describe the process used in this research? In 
which way the compound particles inside master alloy affect the grain refining result?  
1.4. Assumptions 
This study is based upon the following assumptions: 
1. The pure aluminum and aluminum master alloys applied in the experiments are 
the same as their commercial counterparts. 
2. All the aluminum alloys (3004, 5182, 7075 and Al7Si) cast in this study have 
minor and ignorable variations compared to their commercial counterparts. 
3. There is very small and ignorable difference between the two SEM machines used 
in the study.  
4. The induction furnace and graphite crucibles used in this research have minor and 
ignorable influence on the test results. 
5. The errors in the measurement of grain sizes are too small to influence 
conclusions made in this study. 
1.5. Limitations 
The limitations of this study are: 
1. Experiment method / design 
The experimental study is limited to the design and methods applied under the 




samples during the experiments is not very suitable. The experiment hasn’t 
been repeated for collecting more data. 
2. Experimental equipment 
The study is limited to the experimental equipment, such as photographic 
equipment, crucible, etching tools, etc. The crucible might include leftover 
refiners from previous test. The oven used was a high frequency electronic 
one which affected the results. 
3. Experimental materials 
The study is limited to the experimental materials. The al-alloys are produced 
roughly without removing gas and sludge during the process.  
1.6. Delimitations 
The delimitations of this study are: 
1. The furnace used in the experiment is the induction furnace. 
2. There are a lot of different aluminum alloys; only pure aluminum, aluminum alloy 
3004, 5182, 7075 and Al-7Si were examined in this study. 
3. There are many kinds of aluminum grain refiners and manufacturers and only Al-
3Ti-B and Al-5Ti-B made from four manufacturers were tested in this research. 
1.7. Definitions of Key Terms 





Solidification – A phase transition in which a liquid turns into a solid when its 
temperature is lowered below its freezing point. (World Heritage Encyclopedia, 
2016) 
Constitutional supercooling – Liquid immediately in front of the interface is at an actual 
temperature that is below its equilibrium liquidus temperature and thus 
supercooled, which the supercooling arises from a change in composition and 
results in instability of the plane front since any protuberance forming on the 
interface would find itself in supercooled liquid and therefore would not 
disappear (Tiller et al., 1953) 
Homogeneous nucleation – A solid forms within its own melt without aid of foreign 
materials and requiring a large driving force (Flemings, 1974) 
Heterogeneous nucleation – Crystallization begins on impurity particles to avoid large 
thermodynamic barrier to homogeneous nucleation (Flemings, 1974) 
1.8. Chapter Summary 
This chapter has provided an overview of the background and significance of the 
aluminum grain refinement research to be performed. Other topics include significance, 
scope, limitations and delimitations of the work performed, assumptions and definitions 
of key terms used have also been presented in the chapter. Literature reviews of grain 




CHAPTER 2. LITERATURE REVIEW 
Research concerning effective grain refining in aluminum alloy has a relatively 
long history and continues to be a popular topic in the metal industry. Starting from the 
1950s, researchers have examined and discussed the mechanism of grain refinement in 
exhaustive detail. Their goal, as the literature shows, is improvement of the methods and 
efficiency of grain refinements. However, there is still no consensus on this mechanism 
and there is a pressing need to understand role of compound particles in grain refiners for 
grain refinement. 
The literature review conducted in this research covers a broad range of topics 
leading to overall improvement of the grain refining success. Key topics covered in the 
literature review include introduction to and history if grain refinement, methods used, 
mechanism of change that lead to the refined grain structure, factors affecting final grain 
size, and a variety of relevant subjects including growth restriction factor, and dendrites. 
2.1. Introduction and History of Grain Refining 
Without proper control in metal and metal alloy solidification, the grain structure 
is coarse through normal casting process (Murty, Kori & Chakraborty, 2002; Han et al., 
2012). By increasing nucleation sites amount or by grain multiplications, fine equiaxed 




Grain refinement has been defined as “the deliberate suppression of columnar grain 
growth in ingots and castings and the formation of fine equiaxed solidification structure 
throughout the material” (McCartney, 1989). 
Grain refinement techniques during aluminum casting process have been 
investigated and significantly improved in recent decades. Aluminum grain refining is 
accomplished by adding titanium, boron, or their compounds to the melt. Today, the 
more common approach involves adding master alloys which contain potent nucleant 
particles into pure aluminum or aluminum alloys to promote the formation of a fine 
equiaxed macrostructure by deliberately suppressing the growth of columnar and twin 
columnar grains (Easton & StJohn, 2001).   Grain refining using master alloy has been 
adapted in commercial use for years with results that show improved castability, a finer 
grain size, and improved mechanical properties because of finer grain size, along with a 
reduction in defects such as micro-porosity and second-phase particles. 
Titanium was started to be used as an additive to the aluminum melt in the early 
1930s. It has believed that (Sigworth, 1984) that adding Ti increased the melting point of 
pure aluminum from 660.1 ˚C to 665 ˚C with favorable impact on the nucleation and 
growth of solid aluminum grains. Bäckerud (1983) explained as shown in Figure 2.1 that 
the titanium aluminide compound, Al3Ti, is released into the melt and dissolved after 
adding it to a master alloy. The alloy containing Ti addition begins to solidify at a 
temperature above the melting point of the base alloy. Nucleation of solid aluminum 
occurs at the surface of the Al3Ti particles (Sigworth & Kuhn, 2007). In the process of an 
aluminum crystal growing around the surface of the aluminide, the aluminum melt 




proceeds as solidification continues with further metal cooling. When titanium is added 
to the melt metal, the nucleation temperature is normally higher than the growth 
temperature (Sigworth & Kuhn, 2007). Figure 2.1 shows a typical pattern of nucleation 




Fade is defined as the loss of the refining ability of grain refiners with time. Fade 
occurs once the added grain refiner has dissolved completely in the melt. Fading time 
depends on the Ti content of the metal, metal temperature, and primarily on the type of 
master alloy used. The type of master alloy determines the Al3Ti particle size: rod shape 
Figure 2.1. Schematic of the solidification process as Al3Ti nucleates aluminum 





dissolves faster and waffle shape has larger aluminide particles which dissolve much 
slower (Sigworth, 1987).  
From Cole et al., (1972), the best grain refinement result was obtained when more 
than 0.15% Ti was added. In the first years of Al grain refinement history, grain refining 
practice held the view that a high amount of Ti was required to prevent dissolution of Al-
Ti refiners.  
When the modern grain refiner Al-Ti-B was introduced in the early 70s, the study 
of using boron and combining boron with titanium for grain refinement had been carried 
for about 20 years. The boron grain refiners were found to be more efficient and 
economical and use of boron became accepted and its use quickly spread. It was also 
learned that a high amount of Ti was not necessary to prevent dissolution of the new 
refiners. Using lower levels of Ti was found to reduce the possible formation of large 
amounts of sludge and to improve the resistance to hot cracking in some al-alloys. 
Lu, Wang, and Kung (1985) found that boron was a more effective grain refiner 
than titanium from their study that compared adding aluminum boron grain refiners and 
aluminum titanium master alloys to A356 alloy. Sigworth and Khun (2007) reproduced 
Figure 2.2 from Lu et al. (1985) which shows the difference in grain sizes by adding three 
grain refiners: Al-5Ti, Al-5Ti-1B, and Al-4B, to the A356 melt. It is obvious that the 
addition with B is more effective and more boron content (4%) has better outcome than 





Figure 2.2. Grain refining results of A356 alloy by three refiners (Sigworth & 
Kuhn, 2007). 
 
Also, Sigworth and Guzowski (1985) confirmed that the presence of AlB2 
particles inside aluminum boron master alloys resulted in a favorable outcome. By 
observing Figure 2.3, the minimum grain size of aluminum alloys differs by adding 
different percentage of TiB2. It is obvious that the grain size is the biggest while there is 
no TiB2 added in the melt. And by adding 0.005 pct TiB2, the effect is significant 
comparing with no TiB2 addition. However, there is no significant difference between 
adding 0.005 to 0.05 % TiB2 from Figure 2.3. Also, Guzowski et al. (1987)’s results in 
Figure 2.4 shows the results in grain sizes by adding three different grain refiners to the 
pure aluminum against holding time. The three grain refiners are: Al-5.35Ti (containing 




that the master alloy with more boron content influences the grain size the most obvious. 
Their study (Guzowski et al., 1985) also confirmed that the presence of AlB2 particles 






Figure 2.4. Influence of boron content on the grain refining response of three master 
alloys in 99.7% aluminum (0.01 pct Ti is added at 700 ˚C). (a) 5.35 pct Ti alloy 
(containing less than 20 ppm B), (b) 5.4 pct Ti-0.034 pct B alloy, and (c) 5.0 pct Ti-
0.2 pct B alloy. (Guzowski, Sigworth, & Sentner, 1987). 






Sigworth and Kuhn’s experiments (2007) using Al-Cu, Al-Si, Al-Si-Cu, and Al-
Zn-Mg casting alloys presented that the best grain refinement is the result of adding 10 to 
20 ppm of boron in the form of Al-3Ti-B or Al-5Ti-B to the melt. This boron addition 
makes it possible to reduce the soluble titanium amount added to alloy melts. Lower 
levels of titanium do not appear to cause any loss of mechanical properties or 
machinability as controlled by grain size. In their test they also found that the added 
boron reacted with dissolved titanium to produce sludge in holding furnaces and reacted 
with strontium which caused a loss of modification in some heats.  Lower titanium levels 
contents can also eliminate the formation of sludge on the surface of the melt. 
By comparing the nucleation potency and various particles characteristics in Al-
7Si alloys, Sigworth (2007) found:  
1). Since Al3Ti crystals have a high solubility in aluminum and server as poor 
nuclei, a great amount of titanium are required to add to a melt to produce small 
sizes grains consistently;  
2). TiB2 has almost no solubility in an aluminum melt and can refine grain size 
well with small addition; 
3). AlB2 produces the smallest grain size compared with Al3Ti and TiB2, but it 
dissolves readily in the aluminum melt and reacts with titanium and strontium. 
Sludge will be produced by long term use of AlB2. The grain refiners containing a 
mixture of AlB2 and TiB2 – (Al,Ti)B2 –  in different ratios were tested by 




From their tests, it was found that titanium is soluble in the Al3Ti compound in an 
aluminum alloy melt while it remained almost insoluble in TiB2 or TiC. Sigworth and 
Kuhn (2007) noted that the combination of Ti and B produces the best grain refinement 
depending on the alloy family under consideration.  
The microstructure of Al3Ti is influenced by boron by three mechanisms (Cheng, 
2000; Bagenov, 2014). The first mechanism involves the motion of TiB and TiB2 boride 
particles promoting grain refinement as nucleants (Larsen, 1990, 1991; Godfrey & 
Loretto, 1996). Boride acts as inoculants in the AlTi-based alloys (Larsen, 1990). The 
second mechanism is about fragmentation of dendrite arms. The fragment can work as 
nucleant (Godfrey, 1996) and that boride doesn’t directly involve itself in the grain 
refining process of Al3Ti. A hypothesis by Cheng (2000) mentioned that crystal re-
nucleation occurs ahead of the solidification front because of increased boron content 
around solidification interface in the region of constitutional undercooling. Hu (2001) and 
Kitkamthorn et al. (2006) suggest that the grain sizes are influenced by constitutional 
undercooling. The third mechanism is about the further research on the effect of boron in 
grain refinement.  
2.2. Methods and Efficiency of Grain Refinement 
Rosenhain (1930) started the trial and work of adding titanium to the aluminum 
melt and found that this resulted in a reduction of grain size structure.  More than 60 
years ago Cibula (1949) worked on grain refinement and presented his results of using 
titanium, boron, and their compounds as grain refiners. Sicha and Boehm (1948) showed 




elongation of an Al-Cu alloy. McCartney (1989) discussed grain refining of cast 
aluminum and its alloys by using inoculants which promote the formation of a fully 
equiaxed grain structure. Easton and StJohn (1999) also reviewed grain refinement of 
aluminum alloys from the nucleant and solute paradigms to the mechanism of the solute 
paradigm. The use of titanium, boron, and their compounds were also found to be useful 
as reinforcement in ab aluminum metal matrix composite (MMC) fabrication (Lewis, 
1991; Kennedyet al., 1999).  
Arnberg, Bäckerud and Klang (1982) tested if a collection of variable parameters 
such as the order of adding alloying element, the amounts of Titanium and Boron, the 
temperature of addition, cooling rate and holding time before cooling, would affect the 
efficiency of an alumni master alloy. They found that the onset of three different 
morphologies – flake, block, and petal shape – of aluminide crystals in the master alloy 
were produced by varying forming conditions. Aluminides of different morphology have 
different efficiency in grain refining. They believed that no peritectic theory could 
explain the results of grain refinement until some mechanism can be found.  
Even though the concept of aluminum grain refinement by addition of Ti and B 
has been applied popularly and presented as beneficial effect for more than half century; 
there is no agreement on how and why commercial grain refiners containing boron work 
(Guzowski, Sigworth & Sentner, 1987). Three major theories are available to support this 
phenomenon:  
a). Boron changes the important phase relationships in the Al-Ti-B system; 




c). A metastable phase (Al, Ti) B2 forms which can act as an agent refining grains 
or alter the phase relationship as in a).  
It’s common practice to add boron into molten aluminum with titanium to refine 
the grain sizes, but it still has different effects comparing with adding titanium in the melt.  
It has been confirmed that Al-Ti-B master alloy is more powerful in refining Al grains 
than that of Al-Ti master alloy. The commercial Al-Ti master alloys containing 5 - 10 % 
titanium is primarily feature a mixture of alpha-al and crystalline Al3Ti. Many 
researchers have concluded that Al3Ti crystals in the master alloy will dissolve when held 
in liquid aluminum for a predetermined time. As previously mentioned, Arnberg, 
Bäckerud, and Klang (1982) demonstrated that shapes of aluminide resulted from the 
thermal history of the master alloy when it is cool in liquid state. They found slow 
cooling from low temperature generated a blocky crystal, while slow cooling from a high 
temperature formed plates, and rapid cooling of a saturated solution from high 
temperature level produced a petal shape. Maxwell and Hellawell (1975) made similar 
finding. They verified that the grain refining response of the alloy depends on the 
morphology of the titanium aluminide that block acts fast and fades quickly. And that 
petal and plate shapes act slowly but their efficiency in grain refining lasts longer. 
Greer (2000) mentioned that the efficiency of grain refiner could be “quantified as 
the number of grains per nucleant particle in the solidified product”. A recoalescence-
based model, in which the initiation of grains is limited by the free growth from nucleant 
particles and the size distribution, has been used to as a basis to determine the effect of 
particle size distribution on the performance of grain refiners. The model can make 




cooling rate, and solute content. The results showed that the grain size is affected 
obviously by the parameters of the normal distributions. The addition level of the grain 
refiner is constant for different distributions in particle diameter and distribution width in 
the design of the model. The model results suggest that the performance of the refiner is 
improved for narrower particle size distributions while the effect of the distribution width 
has little influence; the average particle diameter of the refiner is very important because 
of the relation with cooling rate; efficiency of the particles cannot determine refiner 
effectiveness; an optimized refiner with great efficiency would decrease in grain size a 
little and decrease a lot in the amount of the grain refiner particles swept into the 
intercellular liquid during the final stages of solidification. The results of using different 
populations of particles at the onset of solidification haven’t been predicted by analyses 
this model analysis made. 
In situations involving aluminum alloys, it is important that nucleation occurs in a 
controlled manner during the addition period of the grain refiner to the aluminum melt 
(Greer et al., 2003), for both wrought and cast alloys. Inoculation can be used to promote 
the formation of a fine and equiaxed grain structure which improves the properties of the 
cast aluminum. Use of different grain refiners, such as Al-Ti-B and Al-Ti-C, result in 
significant differences in refinement performance because of the different size 
distributions of their nucleant particles. Grain refinement depends on both nucleation and 
growth restriction. The presence of a grain refiner can influence the selection of 




One of the benefits of grain refinement is reducing both the number and the size 
of the pores in casting alloys (Sigworth & Kuhn, 2007). The formation and growth of the 
grains can cause gas porosity during the solidification process because formed ease the 
spaces can fill between the aluminum dendrites and the solidified eutectic. Reduced grain 
size results in reduced spaces for pores to form. Another benefit of grain refinement 
involves improving the feeding process and reducing shrinkage formation (Chai et al., 
1995). By measuring the torque on a slowly rotating paddle immersed in a solidifying 
cylindrical casting, the result showed that grain refiner additions delay the onset of 
dendrite coherence, which is the transition point of the melt as it becomes mushy, then 
changes to gel, and finally becomes stiff.  
Other methods of grain refinement have been developed by using electrically 
based external fields: 
 Electromagnetic stirring 
 Electrical currents 
 Pulsed electrical or magnetic field 








Figure 2.5.  Three aluminum samples showing the results of ultrasonic vibration. 
 From Figure 2.5, the results of ultrasonic vibration for grain refinement present 
the effectiveness of this method. And the higher vibration amplitude results in better 
outcome which obtains smaller grain size. 
 
2.3. Mechanism of Grain Refinement 
Compared to the well-known benefits of using aluminum master alloys, it is hard 
to reach an agreement on the actual mechanism of aluminum alloys grain refinement. 
Easton and StJohn (2001) mentioned this situation more than 15 years ago and to now 
there is still no consensus on it. Two refinement paradigms – the nucleant paradigm and 
the solute paradigm – have been discussed and developed by some scientists. These are 




For the nucleant paradigm, Cibula (1951), Crossley and Mondolfo (1951) focused 
on the research of finding the grain as it began its life from a nucleation on a substrate 
site or through a peritectic reaction on the aluminide phase. Their results showed that a 
finer grain size can be caused by the occurrence of a larger number of nucleants. On the 
other side, Johnsson (1993) presented his idea of the solute paradigm, featuring the 
segregating ability of the solute elements during the process of grain refinement. The 
conclusions are based on the fact that the solute limits the growth of dendrites. (Maxwell 
& Hellawell, 1975) and others (Johnsson, 1993, 1995, 1996) all discussed the 
significance of the solute elements in restricting grain refining addition and the 
segregating elements in the study.   
 
2.3.1 Nucleant paradigm 
Nucleation normally occurs at nucleation sites on surfaces contacting a liquid or 
vapor. Suspended particles or minute bubbles also provide nucleation sites. This is called 
heterogeneous nucleation (Abraham, 1974). Nucleation without preferential nucleation 
sites is called homogeneous nucleation (Abraham, 1974). A solid embryo forms on a 
substrate with a perfectly flat mould wall with contacting angle θ as shown in Figure 2.7. 
The critical embryo size for homogeneous nucleation may be a lot bigger than the one for 
heterogeneous nucleation. In Figure 2.6, there is a cluster at equilibrium on a flat 
substrate with a spherical cap of radius r. The value of σsl, σcl, σcs are surface energies of 




size cluster and is equal to r. ΔG* shows the free energy to form a cap of the size on the 





Figure 2.6. Formation of a cluster on substrate (Chalmers, 1964).  









2 𝑓(𝜃)                                  (2-2) 
       𝑓(𝜃) =
2−3𝑐𝑜𝑠𝜃+cos3 𝜃
4
                                 (2-3) 
where f(θ) is zero as angle θ is zero and Gv is the free energy per unit volume.  
So the nucleation barrier decreases as wetting between crystal and substrate 
improves. Thus the contacting angle is also called the wetting angle (Porter & Easterling, 
1992). 
Nucleation will occur with undercooling. The nucleus grows as soon as it reaches 






nucleation. The importance of managing the nucleation in solidification is to promote the 
grain refinement (Dahle, 2010) and to improve the mechanical properties of metals 
(McCartney, 1989). Nucleation rate and the growth speed of nucleus affect not only the 
grain size but also the metal geometry. High nucleation frequency means forming a large 
amount of nuclei in melts and generating small grain size which can promote the 
manufacturing process by enhancing the mechanical properties and machinability of 
metals or metal alloys. The same can be said of the inoculation process which is used to 
form the fine equiaxed grain by the addition of solid active nucleant substrates to the melt. 
It was mentioned by Cibula (1949) that nucleation happened in the presence of 
borides or carbides in an aluminum alloy. The boride phases – TiB2 and AlB2 – are 
formed during the nucleation process about the same time. They can be found in the grain 
center with dendrites containing the required titanium (Maxwell & Hellawell, 1975) and 
their stability is unknown. However, as a popular addition of nucleants, boride particles 
have been taken to be a relatively poor nucleant (Mohanty & Gruzleski, 1995) compared 
with aluminides. It was also indicated that no grain refinement is found using borides 
alone without any titanium (Mohanty & Gruzleski, 1995). Aluminide (Al3Ti) was thought 
to be a powerful nucleant and does not need undercooling in nucleant aluminum alloys.  
However, Al3Ti has been confirmed to be the nucleant and dissolved fast in 
hyperperitectic (less than 0.15 pct Ti) aluminium alloys (McCartney, 1989). 
Furthermore, it is claimed that the amounts of aluminides can be decreased less by 
boron addition (Modolfo et al., 1988). Still there are others who believe boron does not 




Sigworth & Sentner, 1987). Yet another disagreement involves the effectiveness of 
duplex particles which may improve nucleation. Guzowski, Sigworth, and Sentner (1987) 
supported the duplex particles’ contribution to nucleation, while others (Johnsson et al. 
1993; Mayes et al., 1994) thought that only duplex particles have a little effect in grain 
refinement.  
Besides the importance of nucleation, the effectiveness of solute elements on 
dendrite growth and constitutional undercooling at the freezing front become more 
important. Johnsson et al. (1993, 1987, 1993) found TiB2 is an effective nucleant in grain 
refinement while borides are poor. It is effective when there is titanium, which was 
assumed by Johnsson et al. (1993) who manintained that the undercooling required by 
TiB2 is produced by solute elements like titanium and silicon. Bäckerud and S. Yidong 
(1991) found that the mixture of TiB2 and AlB2 should also be good nucleants with the 
capability of grain refinement between these two particles. Guzoswski, Sigworth and 
Sentner (1987)’s adjustment shows that the grain size decreased while the value of x in 
AlxB2 and Ti-xB2 increased, which also means the nucleation efficiency increased. 
Because x increased with decreasing lattice disregistry, it can be said that the presence of 
more borides causes better nucleation. Based on these results, borides are still considered 
good nucleant. However, there continues to be some disagreement about this viewpoint, 
such as in grain refiners, where borides have been found on the boundaries of grains 
while Al3Ti were at the center. This is a not a solid reason to disclaim borides as being 




Chandrashekar et al. (2009) mentioned in their paper that titanium is very effective in 
segregating at the solid-liquid interface and results in constitutional supercooling. 
 
2.3.2 Solute paradigm 
The growth restricting factor (GRF) plays a vital role in solute paradigm by 
quantifying the segregation to the inoculants surface by solute elements.  Hence the 
growth restricting effect of master alloy is measured. By adding master aluminum alloys, 
such as Al-3Ti-1B or Al-5Ti-1B, the effectiveness of GRF can be tested. It has been 
shown that grain size increases as GRF decreases (Chandrashekaret al., 2009).    
Another vital subject on the solute paradigm was proposed by Winegard & 
Chalmers (1954). In their work, they theorize that leading a solidification front is a 
boundary layer of solute that was rejected from the solidified material. In this boundary 
layer, it is possible that the liquid be undercooled even though its temperature is greater 
than that of the liquid beyond the boundary layer. This is due to the solute’s effect on the 
composition within the layer causing a localized composition whose freezing temperature 
is lower than the liquid beyond it. Winegard & Chalmers (1954) referred to this 
phenomenon as constitutional undercooling. Once this situation arises, the solidification 
front is able to have growth spurts that reach out from the front into the undercooled 
boundary layer. The main predictor of this constitutional undercooling was found to be 




In turn, Easton and StJohn (2008) found that y controlling the cooling rate they 
could control the grain size produced. It theory, they were controlling the constitutional 
undercooling when controlling the cooling rate. They did the research and built a model 
to predict the final grain size of alloys as a function of cooling rates, nucleant potency, 
density nuclei particles, and alloy composition. This model was simplified to show that 
the grain size could be correlated to alloy content through the segregation power (also 
defined as the growth restriction factor), Q, by this model: 
        𝑑 = 𝑎 + 
𝑏
𝑄
                                            (2-4) 
where a and b are fitted constants (McCartney 1989, Desnain et al., 1990, Easton & 
StJohn, 2001) for potent nucleant particles, a represents the number of particles 
nucleating grains, b shows the potency of the nucleant particles (StJohn et al., 2005), Q is 
equal to the rate of development of constitutional undercooling, ΔTc, with respect to the 
development of fraction solid, fs, at the beginning of nucleation. 
In the pure aluminum melt, nucleation happens on substrates. The impurities are 
the results of some potential nucleation but are themselves poor nucleates requiring an 
activation of 3-4 ˚C undercooling (Bäckerud, Chai & Tamminen, 1990). Easton and 
StJohn (1999) have already concluded that in order to refine aluminum grains more 
effectively, there is a need to add a grain refiner which nucleates particles when 






Figure 2.7. Nucleation undercooling at various contact angles. 
 
Both the driving force of changing phase from liquid to solid and the energy 
required for interface formation are considered to be the main factors of nucleation. Kurz 
and Fisher (1989) developed the following equation of the free energy barrier for 
nucleation on a heterogeneous substrate:  







2)𝑓(𝜃)                                          (2-5) 
where 𝜎 is the energy of the new interface, ΔT is the undercooling below the liquidus 
temperature, ΔSf is the fusion entropy, and θ is the contact angle (Figure 2.7) between the 
liquid phase and the heterogeneous nucleation substrate. From Figure 2.7, we can see that 




nucleation will occur at a small amount of undercooling. If the contact angle is large, a 
great amount of undercooling is necessary because the solid metal and substrate interface 
energy is high. 
The Equation 2-5 and Figure 2.12 show that the free energy barrier value is 
directly affected by adjusting the undercooling or the contact angle. A small contact angle 
can result in small barrier. But small undercooling may be the reason of big barrier to 
nucleation. This means that nucleation has high possibility of occurring even if there is 
low undercooling for small wetting angles. The mathematical model will not work if the 
contact angle is below 10 degree where the thickness of the spherical cap is considered to 
be less than a single, closely packed layer of atoms or molecules (monolayer) (Kim & 
Cantor, 1994). Thus Kim and Cantor (1994) assumed that nucleation happens from a 
monolayer-thick solid absorption of the substrate as the solid grows. This analysis is still 




According to Easton and StJohn (2001), the physics of aluminum alloy grain 
refinement by master alloys made of titanium–boron has been disputed for over 50 years. 
During this time, several possible theories have been proposed to explain the physics 
observed. The most accepted model that has been used to explain the effects of the grain 
refiners to produce reduced grain sizes when added is that they possess potent substrates 




to problems in developing a full understanding of the physics of grain refinement when 
using Al-Ti-B master alloys to refine aluminum alloys. Al-5Ti-1B, the most common 
refiner master alloy, contains compound particles such as Al3Ti and TiB2. Many studies 
using this master alloy has caused confounding results. For example, Al3Ti has been 
found to be a power nucleant for aluminum (Crossley & Mondolfo, 1951); however, at 
addition levels lower than 0.15% titanium it has been shown to be unstable. Typically, 
titanium addition levels are far smaller than this 0.15% limit. This begs the question of 
how an unstable particle can be such a powerful refiner. It has also been shown that TiB2 
is stable at typical addition levels; however, excess titanium is needed for effective grain 
refinement of pure aluminum (Mohanty & Gruzleski, 1995). The inconsistency in the 
results of the studies led to many theories. The newest and seemingly most probable of 
these is the “duplex nucleation theory” (Schumacher et al., 1998). This theory contends 
that TiB2 particles must be coated with a thin layer of Al3Ti to be effective refiners 
(Schumacher et al., 1998). The main advantage of this theory is that it allows for the layer 
of Al3Ti to be stable at titanium levels well below that predicted by the phase diagram. 
Another confusing finding is that master alloys containing excess titanium (e.g. 
Al–5Ti–B) have been shown to be less effective refiners of Al-Si foundry allows that 
those without excess titanium (e.g. Al–3Ti–3B) when the total titanium level is similar 
(Wu, Wang, & Kung, 1981; Sigworth & Guzowski, 1985). This suggests that the solute 
affects the grain refining as well as the nucleant particles (Easton & StJohn, 1998). 
It has been proposed by Easton & StJohn (1999) that the physics of grain 




caused constitutional undercooling. A major claim their theory is that nucleation events 
occur in a series of waves leading the solidification front throughout the solidification 
process. 
 
2.4. Growth Restriction Factor 
The grain size of aluminum alloys can be affected by the composition of the alloy 
(Tarshis et al, 1971; Maxwell & Hellawell, 1975; Han, 1985; Xu et al., 2006; StJohn et 
al., 2007). It is known that the grains of alloys near the eutectic compositions are 
columnar with a large grain size (Johnsson & Bäckerud, 1996). At given cooling 
conditions, grain size was evaluated for a series of predetermined changes in the 
undercooling parameter, the growth restriction factor, and the solidification interval, 
which is the difference between liquidus temperature and the solidus temperature of an 
alloy (Xu et al, 2006). The researchers found that grain sizes have reversed relations with 
the solidification interval. Their results from the experiments indicate that the grain size 
of the alloy increases with a decreasing solidification interval. The results also show that 
the correlation between grain size and either the undercooling parameter or the growth 
restriction factor is not monotonic at high alloy concentrations but more complicated as 
evidenced by a V-shape in the plotted curve over the whole range of the hypoeutectic 
compositions (Chai & Bäckerud, 1995).  
Changing solidification conditions has been widely recognized as a means for 




mimic different solidification processes (Ahmady, McCartney & Thistlethwaite, 1990; 
Boone, Carver, & Moody, 1991) wherein each test results in that all different and unqiue 
grain sizes (Murty, Kori & Chakraborty, 2002). Detailed investigations into the effect of 
cooling rate on the grain refinement of Al–Si-based alloys by Johnsson (1994) and Chai 
et al. (1995), found that grain size is related to the inverse square root of cooling rate for 
cooling rates between 0.6 and 5 ˚C/s. This pattern is shown in Figure 2.8 by Easton and 
StJohn (2008), which presents the relationship between grain sizes against cooling rates. 
By converting the grain size to the form of equation 2-4, where a represents the intercept 
and b represents the slope. The grain size increased with the cooling rate decreased in the 
figure. 
In 2010, Qian et al developed a new analytical model for constitutional 
supercooling-driving grain formation to predict grain size based on the study by Easton 
and StJohn obtained from 2001 and 2008. This model links the nucleation of new grains 
to the growth of a larger neighboring grain. The average grain size d is determined by 
two components normally, the minimum amount of growth that is needed to establish 
sufficient constitutional supercooling for nucleating the new grains, and the spatial mean 
distance from the advancing grain front to the most potent available nucleants.  
The basic model (equation 2-4) is from Easton and StJohn (2001) and has been 
mentioned in chapter earlier that a and b are fitted constants. 
𝑑 = 𝑎 + 
𝑏
𝑄






Figure 2.8. Grain sizes plotted against 1/Q for al-alloys at different cooling rates 
(Easton & StJohn, 2008) 
 
For example, by adding an Al-3Ti-B master alloy to aluminum melt, the average 







                                             (2-6) 
where the constant b = b’ΔTn, and Nv is the concentration of TiB2 particles added to the 
melt. 
For grain refinement, where solute contents are added to the aluminum melt, it is 
more complicated to calculate the free energy required for the nucleation because of the 
solute elements and the nucleus size. The free energy barrier for nucleation is affected by 
the change in solute elements quite possibly depends on the effect of “the lattice 
mismatch between the substrate and the solid and mixing entropy effects” (Kurz & Fisher, 
1989). Greer et al. (2000) mentioned that determining the size of a stable growing 




Easton and StJohn, the focus is on how does solute elements in master alloys affect grain 
refining results and the nucleant potency of nucleating grains (1999). Two grain 
formation mechanisms have been mentioned in their paper: “one occurring at the wall of 
casting (the result of initial thermal undercooling) and the other in the bulk of the melt 
(the result of constitutional undercooling)” (Easton & StJohn, 1999). The latter one can 
reduce dissolution and result in nucleation occurring on or close to the wall while 
merging into the melt. The constitutional undercooling begins from nucleating some 
grains at the interface of the aluminum melt then spreading the nucleation out to the bulk 
mass of the casting. This type of mechanism originated comes from Winegard and 
Chalmers (1954) and has been used to develop the mathematical model to find the grain 
size relative to aluminum alloy composition and potency in nucleation by Eason and 
StJohn (2001).  
In Maxwell and Hellawell’s experiments (1975), three types of al-alloys were 
tested. These include Al-Cu, Al-Zn, and Al-Cu-Zn. The dependence of grain size on the 
parameters of P, Q, and solidification interval ΔT was examined by their research. The 
supercooling parameter P is defined in the form of P = mC0 (k-1)/k (Tarshis, Walker & 
Rutter, 1971; Han & Hu, 1989; Spittle & Sadli 1995) where C0 is the bulk composition of 
a binary alloy, m is the liquidus slope at C0, and k is the equilibrium partition coefficient. 
And the growth restriction factor Q is defined as Q = mC0(k-1) (Maxwell & Hellawell, 
1975; Greer et al., 2000).  








For multi-component alloys, the supercooling parameter P is in the form (Han & 





𝑖=1                                         (2-9) 
where N is total member of solute element is in alloy system. The growth restriction 
factor Q for multi-component alloys is expressed as (Chai, Bäckerud, & Arnberg, 1995; 
Johnsson & Bäckerud, 1996): 
𝑄 = ∑ 𝑚𝑖𝐶0𝑖(𝑘𝑖 − 1)
𝑁
𝑖=1                                (2-10) 
P and Q have been used to evaluate the ability of solute element on grain refining. High 
volumes of P or Q are believed to explain the reason why addition of a little amount of 
titanium addition can and will reduce grain size (McCartney, 1989). 
Maxwell and Hellawell (1975) derived the following equation for limiting 
diffusion growth of a spherical precipitate: 
𝑅 = 𝜆𝑆(𝐷1𝑡)
1 2⁄     (2-11) 
where R is the radius of the sphere, D1 is the diffusion coefficient of the solute in the 
liquid, t is the time and λs=f(S). 







                              (2-12)  
where ΔTc=m1(c1-c0) and is the constitutional undercooling available to the alloy, and cs, 
c1 are the compositions of the solute element in the solid and liquid phases, respectively.  
According to Maxwell and Hellawell (1975), the ΔTc term in the denominator 




refinement factor Q. This verifies the close relationship between GRF and grain size 
growth. 
Hellawell in his later research (1977) proposed that the amount of GRF or Q is 
related to the value of constitutional undercooling. On the other hand, the value of P or 
constitutional supercooling has been mentioned by Han and Hu (1989) and later by 
Spittle and Sadli (1995) for the relationship between solute elements and grain sizes. 
However, Easton and StJohn (2001) did not totally follow their results because there do 
not show the reason why titanium in master alloys functions more effectively in refining 
aluminum grain size compared with other elements. 





                                              (2-13) 
where A is a constant, Γ is the Gibbs–Thomson parameter, and V is the growth rate.  
This equation also shows the importance of GRF in grain size refining. Rappaz 
and Thevoz (1987), Chai et al. (1995) also discussed the Hunt version of the growth 
equation in their paper. Chai et al. (1995) mentioned that the value of Q may be applied 
for different elements to the solute. Desnain et al. (1990) had already calculated it by 
applying the mathematical model from Maxwell and Hellawell (1989) using the 
assumption that “the liquidus temperature is calculated by the sum of the effects of the 
individual solutes”. However, Easton and StJohn (2000) found the assumption to be 
incorrect for applications involving Al-Si-Ti alloys. Subsequently the effectiveness of 
Desnain et al.’s model was questioned. On the other hand, Johnsson (1994) successfully 




Easton and StJohn (2001) also developed a model to determine the relative grain 
size (RGS) based on the assumption that both nucleant potency and constitutional 
undercooling rate at the solid-liquid interface affect grain size. The model uses the 
expression: 






                                     (2-14) 
RGS is a predictor used to find the grain size with addition of Ti to pure 
aluminum or to the Al-Si alloy melt while ∆𝑇𝑛 is the nucleation undercooling, and p = 1 – 
k. 
An improved model for calculating the refined grain size based on equation (2-14) 
was also developed by Easton and StJohn (2008). Their new equation was formulated to 
determine grain size under the influence of multi-factors, such as nucleant potency, 
particle density, cooling rate, and composition. Four wrought aluminum alloys were 
employed in their experiments which led to development of an equation that considers 
the relationship between all factors influencing the grain size: 






    (2-15) 
Where ?̇? is the cooling rate, Q is the value of GRF, and d is the grain size in micrometers. 
From this model, one can see that the grain size is affected by changing the 





2.5. Mathematical Calculations 
There are two main paradigms involving the function of grain refiners: nucleation 
and solute.  The nucleation paradigm uses a misfit ratio to estimate the ability of grain 
refinement of the nucleus of heterogeneous nucleation. The solute paradigm includes two 
hypotheses which are constitutional undercooling hypothesis and dendrites remelting, 
dissociation, and proliferation hypothesis. Heterogeneous nucleation has been widely 
used to analyze grain refinement and to decide on the choice of grain refiners. However, 
the solute paradigm, which involves grain refinement at the microelement level, has not 
been widely used even though some research results show that solute elements in the 
aluminum alloy melt worked as a grain refiner during solidification.  
Both paradigms related to the distribution of equilibrium solidification 
temperature at the tip of solid-liquid interface. Therefore, the slope at the equilibrium 
solidification temperature on the liquid side of the advancing solid-liquid interface G* 
can present supercooling region or the possibility of dendrite dissociation. From figure 
3.6, the value of G* is greater while the actual temperature gradient is constant. Greater 
G* is also accompanied with bigger supercooling region, more possibility of dendrite 






Figure 2.9. Schematic diagram of distribution of G*, concentration of solute and 
temperature in liquid in front of solid-liquid interface, where TR – real 
temperature, TL – temperature of liquidus, CL – concentration of solute, G* – 
gradient of TL at solid-liquid interface (Han & Hu, 1989). 
 
For multicomponent alloys (N+1 components), the distribution of the equilibrium 
solidification temperature on the liquid side of the advancing solid-liquid interface is: 
𝑇𝐿 = 𝑇𝐿(𝐶𝐿1 ⋯⋯⋯𝐶𝐿𝑁, 𝑥)     (2-16) 
where CLi is the concentration of the i
th
 group solute in the liquid. The gradient “H” at the 
equilibrium solidification temperature on the liquid side of the advancing solid-liquid 
























  (2-17) 
















]    (2-18) 
If the solidification process is stable, the solute is conserved during the interface 
















































   (2-20) 
where Dij is the element in the diffusion coefficient matrix; C0i is the initial concentration 
of the i
th 
solute component; R is the grain growth speed; ki is the equilibrium partition 
coefficient of the i
th 
component.  
Substituting equation (2-20) in (2-18) and we can get: 




































From equation (2-22), it is apparent that the parameter H is only related to the 
characteristics of the metal alloy and that H can be used as a measure of grain refinement 
potential of multi-component metals.  
If the interaction between elements can be neglected, that is 𝐷𝑖𝑗(𝑖≠𝑗) = 0, the 
parameter H can be simplified as shown: 




𝑖=1     (2-23) 




     (2-24) 
where C0/k is the maximum value of the solute at the tip of an advancing stream at the 
interface; pC0/k is the decrease of melting temperature at the value of C0/k; pC0(1-k)/k is 
the freezing range of C0 composition on binary phase diagram. Obviously, there are 
bigger amount of constitutional undercooling and higher possibility of the dendrites 
dissociation as these values increase.  
The time from the start of grain formation to the moment the solute value reaches 
the maximum value of C0i/ki at the tip of the advancing stream has the relation with the 
initial distance of the liquid-solid interface at equilibrium growth Dii /(kiR). The smaller 
the Dii value, the shorter the length of the liquid-solid interface and the time length, which 
is beneficial to grain refinement process due to the early formation of separate grains or 




On the other hand, the application of parameter H should be limited. This 
parameter is derived from the solute solution or solid solution alloys. When C0i/ki is 
greater than the concentration of the eutectic or peritectic reaction, parameter H is not 
tenable with the change of the distribution in the front of solid-liquid interface. 
In order to check the application of parameter H, the data collected from research 
has been calculated. Table 2.6 presents the parameters used to calculate the Q and P value 
as below, which is also can be applied to find the value of H.  
Table 2.1.  




2.6. Chapter Summary 
Because the grain refiner plays an important role in reducing grain size and in 
making alloys castable, especially for large castings, a significant amount of research has 




which grain refining work have been promoted, and major factors affecting grain refining 
have been evaluated. Still, the phenomenon of grain refinement is not fully understood. 
The objective of this research was to examine the effectiveness or some commercial 
grains refiners for aluminum alloys and to understand mechanisms of grain refining using 





CHAPTER 3. METHODOLOGY 
The purpose of this study is to test and compare the grain refiners’ effectiveness, 
take observations of the morphology of compound particles, evaluate the results, and 
optimize the performance and efficiency. The mechanism of grain refinement in 
aluminum is to be discussed by analysis. The primary benefit of this study is that if the 
relationship between the grain size and the compound particles inside grain refiner can be 
discovered, then the grain refiner can possibly be manufactured more efficient in 
application. 
The study design methodology is outlined in this report, which includes research 
type, hypotheses, variables, unit and instruments of measurements, and sample data 
collection in the experiments. 
 
3.1. Experimental Methods 
Five popular industrial aluminum alloys were added to two kinds of master alloys 
from different producers and serve as the basis of experimental study. The prepared raw 
materials were solid and then melted in an induction furnace. A 0.2% grain refiner was 




After etching and polishing, all the ingot samples were ready for microscopic 
examination to determine grain size and related data.  
 
3.1.1 Pure aluminum 
As one of the most abundant metals, aluminum has been paid a lot of attention 
since the early 18th century. Pure aluminum was produced in 1827 by the German 
chemist Friedrich Wöhler. This kind of light metal has numerous desirable properties 
including a relatively low density, high strength, good thermal and electrical conductor, 
excellent corrosion resistance, and easy machinability. It has been, and continues to be, 
widely applied in manufacturing. However, aluminum is rarely found in nature as a pure 
substance because it is very active in chemistry. In industrial application, pure aluminum 
is commercial pure, which has more than 99.0% aluminum. It can be considered as an 
aluminum alloy with extremely low iron and silicon content yet carries the common 
features of aluminum.  
 Two popular grain refiners, Al-5Ti-1B (wt %) and Al-3Ti-1B (wt %), were used 
to refine the as-cast grain size in pure aluminum (99.8%) metal. The Al-5Ti-1B master 
alloy samples were from four manufacturers while the Al-3Ti-1B samples were from two 
of the four grain refiner suppliers. Three master alloy producers were from China and one 
was from Europe. The three Chinese manufacturers were ST, NS, and YK. The company 
in Europe was LSM. The exact names of these companies are avoided in the thesis. The 




In this research, the Standard Test Methods for Determining Average Grain Size 
(ASTM E112) was employed to collect and process the experimental data. For pure 
aluminum, all the sample refiners were used in the experiments. In Table 3.1, all the 
compositions of the pure aluminum and refiners used in the experiments are listed. 
The commercial purity (CP) aluminum used in each test was about 5-kg. The 
weighed aluminum block was put inside a graphite crucible of an induction furnace. It 
started with a new crucible and later it was washed by pure aluminum twice every time 
before starting a new test. The furnace was kept at a temperature range of 715 to 725 °C. 
After the aluminum completely melted and reached this temperature range, an ingot was 
cast with no addition as a reference used to compare the grain structure with refined 
ingots. A sample grain refiner, which was 0.2 percent weight of actual metal part, was 
added to the melt. The liquid metal was then stirred thoroughly for 30 seconds and was 
allowed to stand for 2 minutes before casting the first ingot with refiner addition.   
The 2
nd
 to the 6th ingot was cast after adding refiners at 2, 4, 8, and 16 minute 
intervals. Next the 7
th
 to the 20
th
 ingot was cast every half hour. A thermocouple was 
used to measure and verify that the melt temperature was in the acceptable range every 









Table 3.1.  
Compositions of CP Aluminum and Sample Refiners Applied in the Study in Weight 
Percent (%) (Dai et al, 2014) 
 Si Fe Ti B V Others 
CP-Al 99.8% 
0.0568 0.091 0.004 0.0002 0.014 ＜0.04 
YK-TI5B 0.124 0.114 5.05 1.09 0.020 ＜0.04 
ST-TI5B 0.119 0.126 5.10 1.10 0.021 ＜0.04 
LSM-TI5B 0.093 0.132 5.04 1.06 0.014 ＜0.04 
NS-TI5B 0.145 0.140 5.12 1.06 0.018 ＜0.04 
ST-TI3B 0.101 0.123 3.13 2.02 0.024 ＜0.04 
LSM-TI3B 0.064 0.078 3.07 0.79 0.012 ＜0.04 
 
To cast the ingots, liquid aluminum was transported by a steel ladle from a metal 
bath and poured into a preheated iron, circular, open mold about 80 mm in diameter and 
35 mm in height. The open mold was placed on a porous ceramic brick. After two-
minutes of cooling in room air, each ingot was quenched with tap water and demolded. 
Grain size on the surface of the ingot that was solidified against the porous ceramic brick 
was measured. 
For microscopic examination of the casting, Keller’s reagent was used as an 
etchant, which consists of 2 ml HF, 3 ml HCl, 5 ml HNO3, and 190 ml distilled water. 




water, and then blown dry. The microscope used to observe grains in this study was a 
ZEISS Axio Imager A2m.  
 
3.1.2 AA 3004 
As a non-heat-treatable wrought aluminum alloy with manganese as major 
alloying element, AA 3004 is known to be widely used for making the body of beverage 
cans. This material has relatively high strength, good machinability and weldability, and 
corrosion resistance. It can also be applied in hydraulic tubing for vehicles, roofing, and 
sheet metal work. The composition of AA 3004 and grain refiners used in this study are 
given in Table 3.2. 
Table 3.2.  
Compositions of AA 3004 and Grain Refiners used in the Study in Weight Percent (%) 
Material Al Mn Mg Fe Si Others 
AA 3004 97.57 1.2 1.0 0.12 0.054 ＜0.05 
 
Master Alloy Si Fe Ti B V Others 
YK-TI5B 0.124 0.114 5.05 1.09 0.020 ＜0.04 
ST-TI5B 0.119 0.126 5.10 1.10 0.021 ＜0.04 
NS-TI5B 0.145 0.140 5.12 1.06 0.018 ＜0.04 
ST-TI3B 0.101 0.123 3.13 2.02 0.024 ＜0.04 




In the experiments involving refining aluminum 3004 alloy, a total of five grain 
refiners were chosen. These are grain refiners included Al-3Ti-B from ST and LSM, and 
Al-5Ti-B from YK, ST, and NS. Approximately 5-kg AA 3004 alloy was weighted and 
then melted in the same furnace used for testing CP-aluminum. The melt was kept in the 
temperature range of 650-660 °C in the induction furnace in a graphite crucible.  
The test was started with the three Al-5Ti-B grain refiners and was followed with 
two Al-3Ti-B refiners. The crucible was changed to a new one after completing the CP-
aluminum tests. Crucible temperature was measured by a thermocouple until it reached 
650 °C. Slags were removed from the surface of the melt before casting the reference 
ingot and adding 0.2% solid grain refiners. It was followed by 30-second’s stirring in the 
melt and two minutes’ standing before the first cast. The next steps were the same as in 
processing pure aluminum.  
Keller’s reagent was also used for etching aluminum 3004 alloy ingots. After the 
samples were etched, they were washed in warm water and blown dry. Finally, each ingot 
surface that was in contact with the foam brick was examined using an optical 
microscope and the photo micrographs with magnifications of 50, 100, and 200 times 
were taken. 
 
3.1.3 AA 5182 
AA 5182 alloy is a wrought high-strength aluminum, which has light weight, 




The corrosion resistance is excellent even among the most corrosion resistant aluminum 
alloys. Industrial applications of AA 5182 alloy include packaging, computer and 
electrical components, automotive body panels, beverage cans, and brackets. The 
computer and electronic parts made from AA 5182 weigh about one-third that of stainless 
steel parts and cost about 30-50% less. Magnesium and Manganese are the primary 
alloying elements. Composition details of the alloy metal and the refiners used are listed 
in Table 3.3. 
 
Table 3.3.  
Compositions of AA 5182 and Grain Refiners Used in the Study in Weight Percent (%) 
 Al Mn Mg Fe Si Others 
AA 5182 95.90 0.287 3.60 0.105 0.0511 ＜0.06 
 
Master Alloy Si Fe Ti B V Others 
YK-TI5B 0.124 0.114 5.05 1.09 0.020 ＜0.04 
ST-TI5B 0.119 0.126 5.10 1.10 0.021 ＜0.04 
NS-TI5B 0.145 0.140 5.12 1.06 0.018 ＜0.04 
ST-TI3B 0.101 0.123 3.13 2.02 0.024 ＜0.04 
LSM-TI3B 0.064 0.078 3.07 0.79 0.012 ＜0.04 
 
In the experiments involving the refining of AA 5182, a total of five grain refiners 




from YK, ST, and NS. Approximately 5-kg of 5182 alloy was weighed and then melted 
in the same furnace used for testing CP aluminum. The melt was kept in a range of 650-
660 °C in the induction furnace with graphite crucible.  
Keller’s reagent was also used for etching AA 5182 ingots. After the samples 
were etched, they were washed in warm water and blown dry. Finally, each ingot surface 
that was in contact with the foam brick was examined using an optical microscope and 
the photo micrographs with magnifications of 50, 100, and 200 times were taken. 
 
3.1.4  AA 7075 
AA 7075 is a wrought precipitation-hardenable alloy that has zinc as the primary 
element in alloy. It has light weight, high strength, good fatigue strength, good machining 
qualities in the annealed state, and excellent workability. It can be resistance spot and 
seam welded. However, AA 7075 aluminum alloy has poor resistance to corrosion when 
compared with many other aluminum alloys and its weldability is limited to arc welding. 
The cost of AA 7075 is relatively high and limits its widespread use. Typical forms 
available in AA 7075 aluminum material are plate, tube, sheet, bar, rod, and wire. 
Because of its high strength to density ratio, its applications include airframe, piping, 
automotive, mobile equipment, and marine. It is also has a wide application in mold tool 
manufacture due to its high strength, light weight, and high polish-ability. Composition 




In the experiments of refining AA 7075 alloy, a total of five grain refiners were 
chosen to test the effectivity. They were grain refiners Al-3Ti-B from ST and LSM, and 
Al-5Ti-B from YK, ST, and NS. Approximately 5-kg 7075 alloy was weighed and then 
melted in the same furnace used for test CP-aluminum. The melt was kept at a 
temperature range of 650-660 °C in the induction furnace with graphite crucible.  
Table 3.4.  
Compositions of AA 7075 and Grain Refiners Used in the Study in Weight Percent (%) 
 Al Mg Fe Si Zn Others 
AA 7075 90.99 2.158 0.125 0.0662 5.1 < 2 
 
Master Alloy Si Fe Ti B V Others 
YK-TI5B 0.124 0.114 5.05 1.09 0.020 ＜0.04 
ST-TI5B 0.119 0.126 5.10 1.10 0.021 ＜0.04 
NS-TI5B 0.145 0.140 5.12 1.06 0.018 ＜0.04 
ST-TI3B 0.101 0.123 3.13 2.02 0.024 ＜0.04 
LSM-TI3B 0.064 0.078 3.07 0.79 0.012 ＜0.04 
 
The test started from the three Al-5Ti-B grain refiners and followed with two 
samples of Al-3Ti-B refiners. The crucible was changed to a new one after completing 
the CP-aluminum tests. The temperature in the crucible was measured by a thermocouple 
frequently until it arrived 650 °C. The following steps were the same as in processing 




Finally, Keller’s reagent was also used for etching aluminum 7075 alloy ingots. 
After the samples were etched, they were washed in warm water and blown dry. Finally, 
each ingot surface that was in contact with the foam brick was examined using an optical 
microscope and the photo micrographs with magnifications of 50, 100, and 200 times 
were taken. 
 
3.1.5 Al-7Si aluminum alloy 
A356 is a kind of heat treatable casting alloy. It is recommended for high strength, 
pressure-tight castings, and intricate and complicated shapes. It has light weight, high 
machinability, good weldability, and resistance to corrosion. It is a substitute for 
aluminum wrought alloy 6061. Additional applications of A356 include: aircraft parts, 
structural castings, gear housings, crank cases, and transmission cases where requires 
high strength and corrosion resistance are required. Silicon (7%) is primary alloy element 
in aluminum A356 alloy. In this study, the alloy tested in the experiment is Al-7Si instead 
of A356 alloy. 
The material applied and processed in this part of the study is not exactly a-356 
alloy due to a lack of the required weight compositions of iron, magnesium, copper, 
titanium, manganese, etc. The actual material used is Al-7Si alloy based on the 
composition shown in the Table 3.5. In the experiments of refining this alloy, a total of 
four grain refiners were chosen to test the effectivity. They are grain refiners Al-3Ti-B 




was weighed and then melted in the same furnace used for testing CP-aluminum. The 
melt was kept in a range of 650-660 °C in the induction furnace with graphite crucible.  
Table 3.5.  
Compositions of Aluminum Al-7Si and Grain Refiners Used in the Study in Weight 
Percent (%) 
Material Al Si Fe Mg V Others 
Al-7Si 92.745 7.094 0.104 0.00426 0.0203 <0.04 
 
Master Alloy Si Fe Ti B V Others 
ST-TI5B 0.119 0.126 5.10 1.10 0.021 ＜0.04 
NS-TI5B 0.145 0.140 5.12 1.06 0.018 ＜0.04 
ST-TI3B 0.101 0.123 3.13 2.02 0.024 ＜0.04 
LSM-TI3B 0.064 0.078 3.07 0.79 0.012 ＜0.04 
 
The test started from the three Al-5Ti-B grain refiners and followed with two 
samples of Al-3Ti-B refiners. The crucible was changed to a new one after completing 
the CP-aluminum tests. The temperature in the crucible was measured by a thermocouple 
frequently until it arrived 660 °C. Following steps were as same as in processing AA 
3004 and AA 5182 alloy.  
Keller’s reagent was also used to etch A356 ingots. After the samples were etched, 
they were washed in warm water and blown dry. Finally, each of them was taken 




50, 100, and 200 times. Figure 3.1 below shows the dendritic structure of A356 by using 
the etchant of Weck’s reagent. 
 
Figure 3.1. Metallographic etching of aluminum and its alloys (Voort & Manilova, 2005). 
 
3.1.6 Aluminum Grain refiners 
The Al-5Ti-1B and Al-3Ti-1B grain refiners were both made through a molten 
salt reaction process as shown in reaction equation (3-1).  The reaction products vary due 
to the process temperature and the ratio of Ti and B from related alloy phase diagrams. 
The Al-3Ti-B refiner is produced by nucleating Al3Ti particles on the surface of TiB2 





K2TiF6 + KBF4 + Al → TiB2 + AlB2 + Al3Ti + K3AlF6 + KAlF4   (3-1) 
It has been generally believed that the aluminum grain refiners function 
effectively because they contain the compound particles – TiB2, AlB2, and Al3Ti. By 
adding the Al-Ti-B master alloy to an aluminum melt, Al3Ti particles dissolve but TiB2 
particles remain relatively stable in the melt. However, TiB2 dissolves very slowly in an 
aluminum melt while it reacts with the aluminum to form a solid solution of (Ti, Al) B2. 
The particles act as heterogeneous nucleation sites for nucleating α-Al and release small 
amounts of titanium into the melt (Wang et al., 2014). Although TiB2 particles do not 
nucleate α-Al, they work when they are in the dissolved titanium and there must be extra 
titanium that forms Al3Ti and exists in the α-Al grain centers of the grain refiners. 
However, there is no dissolution of TiB2 in the aluminum melt has been observed in 
industrial application because the amount of TiB2 solubility is very low.  In fact, it has 
been verified that TiB2 is a solid solution in Al-Ti-B grain refiners (Wang & Han 2014). 
A recent nucleation theory about the reaction between TiB2 and aluminum melt when 
adding grain refiners to the melt was proposed (Wang et al., 2014). It mentions that the 
solid solutions of TiB2 and AlB2 are formed and titanium is released in the reaction. Then 
the released titanium combined with the titanium in the aluminum melt from dissolution 
of the Al3Ti particles and formed a titanium-rich layer of Al3Ti on the surface of (Al, Ti) 
B2. A layer of a couple of atoms thickness then nucleates the α-Al grains through a 
peritectic reaction and disappears in the final castings. The Al3Ti layer on the surface of 
(Al, Ti) B2 particles has been considered to support the heterogeneous nucleation theory 




Scanning electron microscopy (SEM) micrographs of sample grain refiners were 
taken during the research. To prepare for SEM, the fingertip sized master alloy pieces 
were sawed from the parent pieces and were ground. Deep etching grain refiners required 
immersion of the ground and polished samples in a solution of 250 ml of methanol 
containing 10 g of iodine and 25 g of tartaric acid for 4-5 hours. After the aluminum 
matrix was totally dissolved, the residual was rinsed with methanol. After the residual 
particles were dried, they were pasted on one side of a double sticky electrical tape. The 
other side of the tape adhered to a small piece of cylinder shape steel block. By inserting 
this block into the SEM machine and operating the machine, microstructures of the 
compound particles of the sample master alloy were observed. Two SEM units were used 
in observing the microstructures in the study due to the location changing. The first one 
was an EVO 18 from Zeiss and the second one was a Hitachi S-4800 at 30 kV. The other 
equipment was a Helios 600 i dual-column focused ion beam (FIB)/field emission 
scanning electron microscope (FESEM) operated at 30 kV for sampling and 5 kV for 
cleaning (Wang et al., 2015). 
 
3.2 Grain Size Measurement 
ASTM E112 – Standard test methods for determining average grain size was used 
in this study to measure and calculate grain sizes. All the samples were processed by 
etching and polishing at the side of the ingot contacting the foam brick. Then the 
microscope (Zeiss Imager A2m) was applied to take ten images for each ingot. The 




The magnification was 100 times. The microscope was calibrated every time before 
application to help ensure accuracy.  
After the micrographs were collected, the amount of grains on each picture were 
counted and recorded. The actual size of a 100 x picture was 1.16 mm by 0.86 mm. The 
grains inside were complete grains within the box and the grains at the boundary are 
called intercepted and incomplete. Both the grains inside (complete) and at the boundary 
(partial) are counted. The equation from ASTM E112 was employed to calculate the 
grain number, NA, which denotes the grain number per square millimeter, 
   𝑁𝐴 = 𝑓(𝑁𝐼𝑛𝑠𝑖𝑑𝑒 +
𝑁𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑒𝑑
2
)   (3-2) 
Figure 3.2 shows the example of grain-size standard from Plate I, which includes 
untwinned grains by flat etching (ASEM E112, 2014). Aluminum is listed with Plater 
number I in Table 3.6 and the suggested basic magnification is 100X. The suggestion is 



















The next step was to convert to grain sizes. The total grain number calculated by 
equation 3-2 was divided by the area of each shot (1.16 mm by 0.86 mm). The average 
value, H, was calculated and used to find grain diameter, d: 





𝑥1000    (3-3) 
where the unit of d is micrometer. 
The graphs of aluminum grain size against holding time are displayed in next 
chapter and they were plotted by OriginPro 9.1.  
3.3 Chapter Summary 
 
This chapter has provided the research methodology, which includes research 





CHAPTER 4 RESULTS 
In the experiments of study, commercial pure aluminum, aluminum alloy AA3004, 
AA5182, AA7075, and A356 have been tested by adding two different types of 
aluminum grain refiners from four different manufacturers. The result in this chapter 
presents the effectiveness of all the master alloys in grain refining of these commercial 
aluminum alloys. The relationship between the grain size and the growth restriction 
factor based on tested aluminum alloys and master alloys has been discussed at the end of 
the chapter. 
 
4.1 Pure Aluminum Metal 
The result of CP aluminum was discussed in Dai et al. (2014). The grain 
refinement results are shown in Figures 4.1 and 4.2 in a logarithm time scale.   
Figure 4.1 presents the comparison of experimentally measured grain size against 
holding times for samples with 0.2% Al-5Ti-1B grain refiner (Time at 0 minute means no 
addition of grain refiner) from four manufacturers of grain refiners, Sitong China, Yunkai 
China, Xinxing China, and LSM-UK. Basically all these grain refiners are powerful in 
reducing grain size in commercial pure aluminum metal.  Without the addition of any 




addition of only 0.2% Al-5Ti-1B, grain size is reduced to the range of 200 to 300 
micrometers.  The grain size has been kept in this size range for the entire testing time of 
300 minutes, which are long enough for the production of aluminum ingots and castings.  
These grain refiners are indeed long-last products.   
A close look of the comparison does show some variation in grain size using grain 
refiners from different manufactures.  The most important data for evaluating grain 
refiner is the grain size at a contact time, or holding time, of 2 minutes.  The contact time 
is defined as the time after a grain refiner has been added into the molten metal. Of those 
four grain refiners tested, the YK product is the most effective one followed by NS, LSM, 
and ST. As the contact time increases, the grain size vs. contact curves for the NS, ST, 
and YK grain refiners overlap, indicating these is no obvious difference among these 
three products.   
Figure 4.2 depicts the comparison of experimentally measured grain size against 
contact times or holding times for using Al-3Ti-1B grain refiner (Time at 0 minute means 
no addition of grain refiner) made by two manufacturers. Al-3Ti-1B grain refiners are 
also effective in reducing grain size in commercially pure aluminum metal. Comparing 
the grain sizes in Figure 4.1 and Figure 4.2, it is evident that Al-5Ti-1B refiners show 
better efficiency in grain refining than Al-3Ti-1B. Still both types of grain refiners are 
long-lasting grain refiners. 
From Figure 4.2, we also can see there is also small variation in the grain size 
between the two manufacturers of Al-3Ti-1B, with the product from LSM functioning 







Figure 4.1. Comparison of experimentally measured grain size against holding times for 
adding Al-5Ti-1B grain refiner (Time at 0 minute means no addition of grain refiner) made by 






  Figure 4.2. Comparison of experimentally measured grain size against holding times 
for adding Al-3Ti-1B grain refiner (Time at 0 minute means no addition of grain 




4.2 AA 3004 Alloy 
As a non-heat-treatable wrought aluminum alloy with manganese as major 
alloying element, AA3004 alloy is known to be widely used for making the bodies of 
beverage cans. This alloy has relatively high strength, good machinability and weldability, 
and corrosion resistance.  A vertical section of the phase diagram for the aluminum – 
manganese alloys containing 1.0 wt.% Mg, 0.12 wt.% Fe, 0.054 wt.%Si, and 0.0226 
wt.%Zn is shown in Figure 4.3.  This phase diagram is calculated using Pandat software 
and the latest aluminum database. The eutectic point for this system is located at 2.2 wt.% 
Mn at 655 ⁰C. Phases that exist in this phase diagram include the FCC primary aluminum 
phase, and a number of intermetallic compounds such as Al6Mn, Al12Mn, Al13Fe4.  The 
freezing range of these alloys at the left side of the eutectic point is extremely narrow. 
AA3004 is located on the phase diagram at 1.2 wt.% Mn.  
 Curves of temperature vs. mole fraction of solid for AA3004 alloy are given in 
Figure 4.4.  The dash line is calculated under the Lever rule conditions, i.e. equilibrium 
conditions, and the solid line is obtained under the Scheil conditions which assume that 
there is no diffusion in the solid and complete diffusion in the liquid during solidification. 
On cooling from the liquid state of the alloy, the FCC dendrites form first.  No 
intermetallic phase should form at the end of solidification when the mole fraction of 
solid is 1 under lever rule conditions but a number of intermetallic phases precipitate 
towards the end of solidification under Scheil conditions.  The purpose of grain refining 
of AA3004 alloy is to reduce the grain size of the FCC aluminum dendrites during the 






Figure 4.3. A vertical section of a phase diagram for the aluminum-manganese alloys 
containing 1.0 wt.% Mg, 0.12 wt.% Fe, 0.054 wt.%Si, and 0.0226 wt.%Zn. 
 






Figure 4.4. Curves of temperature vs. mole fraction of solid for AA3004 alloy. The dash 
line is determined under lever Rule conditions assuming equilibrium in both solid and 
liquid phases, and the solid curve is obtained under Scheil conditions which assumes no 





                        
 
  Figure 4.5. Comparison of experimentally measured grain size against holding times for adding Al-






The grain refinement results for AA3004 alloy are shown in Figure 4.5 in a 
logarithm time scale. As in commercially pure aluminum metal, the addition of these 
grain refiners is also powerful in reducing grain sizes in AA 3004 alloy for a substantial 
period of contact times. Without the addition of any grain refiners, the grain size is about 
4000 micrometers, which is 2 times smaller than that in commercially pure aluminum 
metal shown in Figure 4.1, indicating the solute elements in AA 3004 alloy do reduce 
grain size as predicted by Maxwell & Hellawell (1975), and Han & Hu (1989).  
However, with the addition of only 0.2 wt.% grain refiners, the grain size is 
reduced from 4000 micrometers to around 100 micrometers.  This represents a four times 
reduction in grain size using grain refiners. Experimental results shown in Figures 4.1 
and 4.6 suggest that grain refining using grain refiners is much more powerful that that 
using solute elements such as manganese and magnesium in AA3004 alloy. 
The results of Al-5Ti-1B and Al-3Ti-1B made by ST show no significant 
difference in grain refining of AA3004 over the entire testing times.  Ignoring the Al-5Ti-
1B grain refiners from ST, grain refining using Al-5Ti-1B is slightly more efficient than 






Figure 4.6. Comparison of experimentally measured grain size against holding times 
for adding Al-3Ti-1B refiner (Time at 0 minute means no addition of grain refiner) to 





There is also small variation in the grain size between the two manufactures of 
Al-3Ti-1B in figure 4.6. From Figure 4.6, the product from ST functions better in the first 
10 minutes. Then the product from LSM catches up and keeps very close record 
comparing with ST product. Overall there is no obvious difference between the two Al-
3Ti-1B products from ST-China and LSM-UK. 
The difference among the three Al-5Ti-B grain refiners is showing in Figure 4.7. 
There is obvious difference among the results of products from ST, YK and NS in the 
first 30 minutes after adding grain refiner Al-5Ti-B. The product of ST shows lower 
effectiveness in refining grains comparing with the other two manufacturers. The 
maximum difference is approximately 50 micrometers. But the difference gradually 
shrinks after an hour and the results are very close. The winner is the product from YK 
although the product from NS gets the smallest diameter and leads the competition. YK 
refiner catches up the record of NS one from the 4
th
 minute and becomes the most 
effective product from the 60
th
 minutes till the end of the experiment. The product of NS 







  Figure 4.7. Comparison of experimentally measured grain size against holding times for 
adding Al-5Ti-1B refiner (Time at 0 minute means no addition of grain refiner) to 





4.3 AA5182 Alloy 
As wrought high-strength aluminum with magnesium as the major alloying 
element,   AA5182 has light weight, good malleability and weldability, and good dent 
resistance due to high yield strength. The corrosion resistance is excellent even among 
the most corrosion resistant aluminum alloys.  A vertical section of the phase diagram for 
the aluminum - magnesium alloys containing 0.287 wt.% Mn, 0.105 wt.% Fe, 0.0511 wt.% 
is given in Figure 4.8.  There are more solid intermetallic compounds comparing with 
3004 alloy, such as the compounds of Al13Fe4, Al9Fe2Si2, Al16FeMn3, Mg2Si, and AlMg.  
The solidification interval is much larger than that of AA3004.  AA5182 is located at 3.6 
wt.% Mg on the phase diagram.  
Curves of temperature vs. mole fraction of solid for AA 5182 are given in Figure 
4.9. The dash line in Figure 4.9 is calculated under the Lever rule conditions, i.e. 
equilibrium conditions, and the solid line is obtained under the Scheil conditions which 
assume that there is no diffusion in the solid and complete diffusion in the liquid during 
solidification. On cooling from the liquid state of the alloy, the FCC dendrites form first. 
No intermetallic phase should form at the end of solidification when the mole fraction of 
solid is 1 under lever rule conditions but a number of intermetallic phases precipitate 
towards the end of solidification under Scheil conditions.  The purpose of grain refining 
of AA5182 alloy is to reduce the grain size of the FCC aluminum dendrites during the 






Figure 4.8. A vertical section of a phase diagram for the aluminum-magnesium alloys 







Figure 4.9. Curves of temperature vs. mole fraction of solid for AA5182 alloy. The dash 
line is determined under Lever Rule conditions assuming equilibrium in both solid and 
liquid phases, and the solid curve is obtained under Scheil conditions which assumes no 





Figure 4.10 illustrates the comparison of experimentally measured grain size 
against holding times for samples with a 0.2% addition of grain refiners. There are two 
Al-3Ti-1B refiners and three Al-5Ti-1B refiners tested in the experiments. The addition 
of grain refiners reduces grain size to about 100 micrometers. Such small grain size is 
achievable throughout the entire testing times, indicating that these grain refiners are 
long-last products.  
A comparison of three Al-5Ti-1B grain refiners on grain refining of AA5182 
alloy is shown in Figure 4.11.  At a holding time of 2 minutes, the NS grain refiner is 
more effective in reducing grain sizes than the ST and YK grain refiners. With increasing 
holding times, the difference among these grain refiners becomes relatively smaller in the 
first hour. After the first hour, by taking a close look, we can see the product from ST 
becomes more effective and consistent comparing with its own result in the first hour and 
the products from the other companies. 
Grain refining using Al-3Ti-1B grain refiners is shown in Figure 4.12.  It is clear 
the grain refiner from ST is a bit more effective than the one from LSM Company in the 
first hour. Then the LSM shows their product effect is better. In general, there is very 







Figure 4.10. Comparison of experimentally measured grain size against holding 
times for adding Al-5Ti-1B grain refiners and Al-3Ti-1B refiner (Time at 0 







Figure 4.11. Comparison of experimentally measured grain size against holding 
times for adding Al-5Ti-1B grain refiners (Time at 0 minute means no addition of 







Figure 4.12. Comparison of experimentally measured grain size against holding 
times for adding Al-3Ti-1B grain refiners (Time at 0 minute means no addition of 





4.4 AA7075 Alloy 
Aluminum 7075 is a wrought precipitation-hardenable alloy which has zinc as the 
primary element in alloy.  A vertical section of the phase diagram for the aluminum - zinc 
alloys containing 0.008 wt.% Mn, 2.158 wt.% Mg, 0.125 wt.% Fe, 0.0662 wt.% Si is 
given in Figure 4.13.  It is a simple phase diagram consisting of only two phases: a liquid 
phase and a FCC aluminum phase. The solidification interval is larger than AA3004 but 
smaller than AA5182. AA7075 is located at 5.1 wt.% Zn on the phase diagram and the 
melting point of 7075 alloy is about 640 ⁰C.  
Curves of temperature vs. mole fraction of solid for AA 7075 are given in Figure 
4.14. The dash line in Figure 4.14 is calculated under the Lever rule conditions, i.e. 
equilibrium conditions, and the solid line is obtained under the Scheil conditions which 
assume that there is no diffusion in the solid and complete diffusion in the liquid during 
solidification. On cooling from the liquid state of the alloy, the FCC dendrites form first. 
No intermetallic phase should form at the end of solidification when the mole fraction of 
solid is 1 under lever rule conditions but a number of intermetallic phases precipitate 
towards the very end of solidification under Scheil conditions.  This is because solute 
elements tend to segregate at the last liquid to freeze, the purpose of grain refining of 
AA7075 alloy is to reduce the grain size of the FCC aluminum dendrites during the 






Figure 4.13. A vertical section of a phase diagram for the aluminum-zinc alloys 0.008 wt.% 







Figure 4.14. Curves of temperature vs. mole fraction of solid for AA7075 alloy. The dash 
line is determined under Lever Rule conditions assuming equilibrium in both solid and 
liquid phases, and the solid curve is obtained under Scheil conditions which assumes no 






In Figure 4.15, the biggest difference in grain size is around 50 micrometers. Al-
5Ti-1B grain refiners are slightly more effective than Al-3Ti-1B grain refiners. The Al-
5Ti-1B product from NS has the lowest record in refined grain diameters and it leads the 
competition from beginning to the end of the experiment. 
From the Figure 4.16, the results of comparing refiner Al-5Ti-B shows in the first 
half hour are a little different with showing after the first hour. The difference of grain 
refiners from these manufacturers obviously decreases and the grain refiner from YK 
becomes more effective. The grain refiner from ST was the least effective in the three 
competitors. The product from NS performs the best in the result of grain refining 7075 
alloys. At a holding time of 2 minutes, the NS grain refiner performs the best and the YK  
product is identical to the ST product. 
The effectiveness between the two Al-3Ti-1B grain refiners is shown in Figure 
4.17. The ST product performs better than the LSM refiner the holding time of 2 minutes. 
And both of them keep consistent performance in the experiments. The grain refiner from 






Figure 4.15. Comparison of experimentally measured grain size against holding 
times for adding Al-5Ti-1B grain refiners and Al-3Ti-1B refiner (Time at 0 







Figure 4.16. Comparison of experimentally measured grain size against holding 
times for adding Al-5Ti-1B grain refiners (Time at 0 minute means no addition of 






Figure 4.17. Comparison of experimentally measured grain size against holding 
times for adding Al-3Ti-1B grain refiners (Time at 0 minute means no addition of 






4.5 Al-7Si Alloy 
Aluminum A356 is heat treatable casting alloy with silicon and magnesium as the 
main alloying elements. In this study, an Al-7 wt% Si alloy was used and its chemical 
composition is given in Table 3.5.  A vertical section of the phase diagram for the 
aluminum - silicon alloys containing trace elements given in Table 3.5 is shown in Figure 
4.18.  It is a simple phase diagram consisting of a eutectic reaction.  Phases that exist in 
this alloy system include the FCC aluminum phase, a eutectic silicon phase shown as 
Dimanod_A4, and two intermetallic phases Al9Fe2Si2, and Mg2Si. The alloy for this 
study contains 7.09 wt% Si. 
Curves of temperature vs. mole fraction of solid for Al-7wt%Si are given in 
Figure 4.19. The dash line in Figure 4.19 is calculated under the Lever rule conditions, i.e. 
equilibrium conditions, and the solid line is obtained under the Scheil conditions which 
assume that there is no diffusion in the solid and complete diffusion in the liquid during 
solidification. On cooling from the liquid state of the alloy, the FCC dendrites form first, 
and then reaches a mole fraction of solid of 0.5 to form the eutectic phases. No 
intermetallic phase should form at the end of solidification when the mole fraction of 
solid is 1 under lever rule conditions but a number of intermetallic phases precipitate 
towards the very end of solidification under Scheil conditions.  The purpose of grain 
refining of AA7075 alloy is to reduce the grain size of the FCC aluminum dendrites 






Figure 4.18. A vertical section of phase diagram for aluminum – silicon alloys containing 




Figure 4.19. Curves of temperature vs. mole fraction of solid for Al-7.09 wt.% Si alloy. 
The dash line is determined under Lever Rule conditions assuming equilibrium in both 
solid and liquid phases, and the solid curve is obtained under Scheil conditions which 








Figure 4.20 are the representative microstructures of Al-7Si alloy by adding grain 
refiner Al-3Ti-B from ST-China (a) before addition; after (b) 2 minutes; (c) 30 minutes; 
(d) 60 minutes; (e) 120 minutes; (f) 300 minutes. The white phase is the FCC aluminum 
dendritic phase.  The dark regions on the photos are where eutectic phases are formed. 
The length of a primary dendrite arm is an indication of the grain size since one FCC 
grain contains 6 primary dendrite arms vertical to each other three-dimensionally. 
Judging from the length of the primary dendrites, it can be seen that the grain size is 
reduced at holding times in the range of 2 to 30 minutes. When the holding time 
increased to 60 minutes, no significant grain refining can be observed on the aluminum 
samples.  
Figure 4.21 are the representative microstructures of Al-7Si alloy by adding grain 
refiner Al-5Ti-B from NS-China (a) before addition; after (b) 2 minutes; (c) 30 minutes; 
(d) 60 minutes; (e) 120 minutes; (f) 300 minutes (100 µm).  It can be seen that the grain 
size is reduced at holding times of 2 minutes. When the holding time increased to 30 
minutes or longer, no significant grain refining can be observed on the aluminum samples. 
From both Figure 4.20 and 4.21, it has been observed that the microstructure 
changes significantly from the two minutes after adding the master alloy. After an hour of 
mixing with addition, the melt did not show obvious sign of continuing refinement. The 
cause of this situation is because of the consuming of titanium by silicon in the melt, 
forming Titanium silicates. By the decay of titanium, there is less and less influence on 














Figure 4.20.  Microstructures of grains of Al7Si by adding Al-3Ti-B from NS (a) before addition; 




















Figure 4.21.  Microstructures of grains of Al7Si by adding Al-5Ti-B from NS (a) before 





4.6 Relationship Between Grain Sizes and Some Parameters 
 In this section, the grain sizes of aluminum alloy are plotted against the growth 
restriction factor, Q, and the solidification interval, ΔT. The value of Q was calculated 
from the mathematical model discussed in previous chapter while the value of ΔT is equal 
to the difference between liquidus and solidus temperatures which were calculated in 
computer software Pandat. Table 4.1 lists data required for calculating the growth 
restriction factors in this study.   
Table 4.2 gives the calculated Q, P, and ΔT. Based on the Q and ΔT values of 
aluminum alloys tested in the experiments, the relation with respect to the grain size at 






 Data required calculating the growth restriction factor Q for binary aluminum alloys. 
(McCartney 1989) 
Element m k m(k-1) (K) 
Ti 33.3 7.8 220 
V 10 4 30 
Zr 4.5 2.5 6.8 
Si -6.6 0.11 5.9 
Cr 3.5 2 3.5 
Ni -3.3 0.007 3.3 
Mg -6.2 0.51 3 
Fe -3 0.02 2.9 
Cu 3.43 0.17 2.8 
Mn -1.3 0.94 1.9 
Zn 1.65 0.43 0.94 
  
Table 4.2. 
The Growth Restriction Factor Q, Supercooling Parameter P, and the Solidification 

















Parameter,   P 
Solidification Interval,  ΔT 
(Level Rule) 
3004 7.26 30.63 14.78 K 
5182 13.4 41.48 45.59 K 
7075 18.4 69.69 108.82 K 




From Table 4.6, the Q value of aluminum alloys used in the experiments are: Q = 
7.26 for AA3004 alloy, Q = 13.4 for AA5182 alloy, Q = 18.4 for AA7075 alloy. Figure 
4.26 present the measured grain size of three aluminum alloys (AA3004, AA5182, and 
AA7075) plotted against their growth restriction factors, Q, at the holding times of 4 
minutes to 2 hours respectively. The squares represent data for refined grain size by 
adding Al-5Ti-B master alloy from Yunkai, China. The circles represent data for refined 
grain size by adding Al-5Ti-B master alloy from Xinxing, China. The upward, downward, 
and side solid triangles represent data for refined grain size by adding Al-5Ti-B master 
alloy from Sitong, China, adding Al-3Ti-B master alloy from LSM, UK and adding Al-
3Ti-B master alloy from Sitong. In general, the grain size decreases with increasing value 
of parameter Q initially, the Q value increases after it reaches a minimum. These results 
do not match the results from other researchers (Han & Hu, 1989; Xu et al., 2006; Chai et 
al., 1995; Johnsson & Bäckerud, 1996). The V-shaped grain size curves should not occur 
for alloys that from a single FCC aluminum phase at the end of solidification under 
equilibrium conditions. 
We also can see except the addition adding time of 4 minutes (Figure 4.22. a.), in 
all the other three figures (Figure 4.22 b - d ) the order from big to small grain size is the 
same: Al-3Ti-B from LSM, Al-5Ti-B from Sitong, Al-3Ti-B from Sitong, Al-5Ti-B from 





































Figure 4-22(d). 120 minutes. 
 
 
Figure 4.22. The relationships between the measure grain size and the growth restriction factor 










In Figure 4.23, the plots show the relationship between the measured grain sizes 
and the solidification interval, ΔT, (calculated from phase diagrams) of three aluminum 
alloys (AA3004, AA5182, and AA7075) at different holding times (4 minutes, 8 minutes, 
30 minutes, and 2 hours). Comparing with Figure 4.22, it is obvious that the line order 
from top to the bottom is similar and the line shapes are also close – like a “V”. However, 
in Figure 4.23, the range on x-axis is wider than in Figure 4.22, which means the V 
shapes in Figure 4.23 are more open and wider. These results do not in agreement with 
experimental results obtained by Xu et al. (2009), Han and Hu (1989).  
The issues correlating grain sizes with either P, Q, or ΔT is most likely related to 
the fact that grain refiners are used in complex alloy systems. Experimental results 
discussed in Chapter 4 indicate that the grain refiners are more powerful in reducing grain 
size in aluminum metal than solute elements.  This means that grain refining during the 
nucleation stage using nucleants is more effective than that during the grain growth stage 
using solute elements to restrict the growth of dendrites. As a result, the measured grain 
size shown in Figures 4.22 and 4.23 is affected more strongly by the grain refiners used 
in this study.  These grain refiners are likely to react with the solute elements in the alloy.  
It is well known that Titanium in grain refiners tends to react with silicon the alloy to 
form titanium silicates.  These silicates are not effective grain refiners.  This account for 
the fact that the Al-5Ti-1B and Al-3Ti-1B master alloys are not that effective in reducing 
grain sizes in Al-7wt.% Si alloy.  
Of these three commercial wrought aluminum alloys, AA 7075 has a slightly 
higher silicon content than the other two alloys and the grain size in AA7075 is also 




due to their reactions with silicon in AA7075 alloy, leading to the slight larger grain sizes 
in the alloy, and thus the V-shape curves of the grain size vs. Q or ΔT, shown in Figures 





















































Figure 4.23 (d). 120 minutes. 
 
 
Figure 4.23. The relationships between the measure grain size and the solidification interval, ΔT, 





CHAPTER 5 DISCUSSIONS 
Compound particles present in aluminum grain refiners are essential in discussing 
the mechanism of grain refinement. It was normally believed that Al3Ti, TiB2, and AlB2 
particles directly influence the efficiency of grain refiners and that TiB2 particles nucleate 
α-Al grains while they act as a substrate for the nucleation of Al3Ti. However, there is 
still no mechanism available to describe how the distribution, morphology, size, texture, 
or structure of any compound particle affects the performance of grain refinement. There 
is also no direct observation of the three phases in casting. The morphologies of 
compound particles in two popular aluminum grain refiners – Al-5Ti-1B and Al-3Ti-1B – 
from four different suppliers have been observed in this study. The results of observation 
and comparisons made among all products will be discussed in this chapter. Note that 
deep etching method has been applied to all the sample grain refiners; except as indicated. 
Dai et al. (2014) mentioned the following: 
Flaky, blocky and petal-like shape Al3Ti can be observed from featured SEM 
 micrographs (Figure 5.2 – 5.7) of all the makers. These morphologies were 
 observed in research on Al-Ti grain refiners by others, and their effects on grain 
 refinement were discussed. Large agglomerations of Al3Ti-TiB2 compound 
 particles are clearly visible in Figure 5.1. The arrows indicate point out that the 




 individual Al3Ti particles which form big compound particles. Deep etched 
 samples, Figure 5.2 – 5.7, revealed that all large blocky particles in the four grain 
 refiners were a compound of  Al3Ti and TiB2. The smaller TiB2 particles were 
 engulfed by the larger Al3Ti  particles, while most of the TiB2 particles were 
 pushed into the grain boundaries inside the grain refiners. Figure 5.1 
 demonstrated that compounded TiB2-Al3Ti particles nucleated the aluminum 
 grains in the grain refiners; TiB2 particles themselves do not nucleate 
 aluminum grains directly in the presence of large compounded particles of 
 Al3Ti and TiB2. Al3Ti particles also do not show the same capability in 
 nucleating aluminum grains. But exist in the aluminum grain centers as groups 
 of loosely clustered or compounded particles. 
In Figure 5.7, the etched out compound particles in Al-3Ti-1B (sample of LSM) 
 master alloy present the reduced thickness of the Al3Ti particles compared to the 
 thickness of the Al-5Ti-1B alloy. The particles shape changed from blocky to 
 flaky as the ratio of Titanium and Boron decreases. The reason for the change in 
 1982, Wang et al., 2004). There are a lot TiB2 clusters attached on the Al3Ti 
 particles and it looks like TiB2 particles are growing out of Al3Ti particles and the 
 α-Al substrate (Figure 5.2). Production of the clusters and compound particles can 
 be expressed by the chemical reaction formula mentioned in an earlier chapter:  
K2TiF6 + KBF4 + Al→TiB2 + AlB2 + Al3Ti+ K3AlF6 + KAlF4   (3-1) 
There are individual Al3Ti particles with cores of TiB2 particles, that indicate the 




particles. Also individual Al3Ti blocks agglomerate to form large compounded particles 
of Al3Ti and TiB2. 
On the other hand, the SEM images present the possibility that the TiB2 particles 
grew and were engulfed in the Al3Ti particle surface and that this activity is the result of 
the exposition of the TiB2 particles to the aluminum on the compound particle surface. 
By observing the small individual Al3Ti pieces located on the big Al3Ti particles, the 
formation sequence of these big Al3Ti particles can be described as follows by Wang et 
al.(2015): 
 (1) Ti and B appear in solution after the reduction of fluoride salts by 
aluminum; 
(2) Formation of TiB2 particles as TiB2 has a much lower solubility than 
Al3Ti does; 
(3) Al3Ti nucleates and grows on the surface of TiB2 particles when the 
solute titanium reaches the solubility of Al3Ti; 
(4) Agglomeration of the Al3Ti particles and mass transfer on the surface 
of Al3Ti particles leading to the formation of large compounded particles 
and the exposure of TiB2 particles occur; or 
(5) TiB2 particles attached to the surface of the Al3Ti particles; 
(6) Nucleation and growth of Al3Ti take place on the surface of the TiB2 





Figure 5.1. SEM micrographs of Al-5Ti-1B from ST showing the 
morphological feature of TiB2 and Al3Ti particles with no etching. 
 
Dai et al. (2014) mentioned for Figure 5.1: 
Deep etched samples show the details of the compounded particles as TiB2
 particles with their surfaces partially exposed to aluminum rather than becoming 
totally  engulfed by the Al3Ti particles. This finding suggests that TiB2 does not 
nucleate Al3Ti. Instead of nucleating Al3Ti, TiB2 particles were simply engulfed 
by Al3Ti during formation right after the chemical reactions between a mixture of 
fluoride salts with the molten aluminum. Present study also showed the existence 
of fluoride salts and Fe element, as contaminants at the aluminum grain 
boundaries in association with TiB2 particles. In comparison, the TiB2 particles 







therefore reasonable to believe that clean TiB2 particles inside Al3Ti particles 
have a higher tendency for grain refinement once added to an aluminum melt. 
This phenomenon is in agreement with findings described in previous studies. 
The micrographs of Al-5Ti-1B from ST-China (Figure 5-2) clearly show TiB2 
particles located on the surfaces and the corners of Al3Ti particles. The shape of TiB2 
particles looks irregular and a lot of them are pebble or cube-like. The surfaces of the 
TiB2 particles are rough with many dents. Also and Al3Ti particles can be found 






























From the SEM micrographs of Al-5Ti-1B product from YK China (Fig 5-4), 
Al3Ti is blocky and TiB2 is engulfed inside the Al3Ti. There is not much difference 
between the YK product and the product from NS, China (Figure 5-3).  
 
(c) 
















Figure 5.5 shows petal-like shape Al3Ti is presenting in the Al-3Ti-1B product 
from ST-China. TiB2 particles exist on the surface of Al3Ti particles and are partially 
engulfed by the Al3Ti particles. Figure 5.6 shows the micrograph of Al-3Ti-1B product 
from LSM. When compared with Figure 5.5, Figure 8 shows a relatively small amount of 
TiB2 particles spread on the surface of Al3Ti particles. The Al3Ti particles are not 
intertwined with each other like in the ST-China product. Instead, they exist as a flat 
layer with tiny TiB2 particles attached on the surface.  
(c) 








             
 Figure 5.6. SEM micrograph of Al-3Ti-1B product from LSM. 
 








Figure 5.7. SEM micrograph showing etched out compound particles of  






Dai et al.(2014) s’ study found the following: 
The effects of using a grain refiner are related to the morphologies and 
 compositions of the intermetallic particles, Al3Ti and TiB2. The former is larger 
 than the latter and dissolves quickly in aluminum melt. TiB2, in comparison, is 
 smaller in particle size and stable in contact with aluminum melt. It is therefore 
 believed that some TiB2 particles nucleate Al3Ti and then nucleate aluminum 
 grains. However, not all of the TiB2 particles are active in nucleating Al3Ti layers. 
 It is also believed that upon addition to aluminum melt, only TiB2 particles that 
 are inside Al3Ti particles in the grain refiners are active in nucleating Al3Ti layers, 
 which then nucleate aluminum grains. Observations made during the experiments 
 indicate the presence of compounded Al3Ti-TiB2 particles, with TiB2 particles of 
 similar size, approximately a few micrometres, inside all grain refiners. Thus the 
 tendency for nucleating aluminum grains is rather similar. Large particles settle 
 down to the bottom of the melt faster than smaller particles. When there is no 
 stirring, stirring produced by induction furnace vibration effects does overcome 
 the settling effects of the large Al3Ti particles. As stirring is a common practice 
 after the addition of grain refiners in the casting industries, the effects of the 




CHAPTER 6. CONCLUSION 
In this research, the mechanism of grain refinement in aluminum has been delved 
by calculating and comparing the existing grain refiners’ efficiency, calculating the grain 
size by the mathematical model based on growth restriction factor, and observing the 
compound particles’ morphology inside the aluminum master alloys. The research 
outcomes indicate that the goals of the study was met. Recommendation in future studies 
about continuing and improving this research are provided.  
The conclusions for this study may be summarized as follows: 
1. In the tests, two different grain refiners from four different suppliers 
were added to pure aluminum and four aluminum alloys. The overall 
results of the numerous experiments to determine grain refiners’ 
effectiveness indicate that there is obvious difference between the tested 
aluminum master alloys’ makers and the refiner types. For the 
manufacturers, the refining result’s efficiency is dependent on the 
holding time. In general, all the products results were very close after 1 
hour of addition. However, one of the key points of evaluating the 
efficiency of master alloy is to observe the reaction speed, especially 
around two minutes after adding refiner.  From the experiment result, it 




efficient product which reacted fast and functions consistently. And the 
Al-3Ti-1B refiner from ST performs better in aluminum alloys (3004, 
5182, and 7075) while LSM works better in refining pure aluminum. 
2. On the other side, the result of Al-5Ti-1B and Al-3Ti-1B refiners show 
relatively small differences. However, by closer comparisons, the Al-
5Ti-1B refiners function better than the Al-3Ti-1B refiner. It is more 
obvious in refining aluminum alloys, such as AA 3004 and AA7075, 
while only slight variation in refining pure aluminum. These results 
compares favorably with findings of other researchers (McCartney, 
1989; Murty et al., 2002; Greer, 2004; Sigworth & Kuhn, 2007). 
3. By plotting the measured grain sizes against grain restriction factor and 
the solidification interval, one can see that the relationship between the 
variables follows the general trend observed by previous researchers 
(Easton & StJohn, 2001; Xu et al., 2007). However, it shows that the 
measured grain size is affected more strongly by the grain refiners used 
in this study.  These grain refiners are likely to react with the solute 
elements in the alloy.  It is well known that Titanium in grain refiners 
tends to react with silicon the alloy to form titanium silicates.  These 
silicates are not effective grain refiners.  This account for the fact that 
the Al-5Ti-1B and Al-3Ti-1B master alloys are not that effective in 
reducing grain sizes in Al-7wt.% Si alloy.  
4. From the plots of refined grain sizes with holding time, it is clear to see 




pure aluminum from above 8000 to 200 microns in two minutes. Next 
the solute in the melt with added refiner keeps the function of refining 
in a relatively slow speed. This can be concluded that the importance of 
the nucleation paradigm is shown through the test. The nucleation 
paradigm should be the basic and essence of the mechanism of grain 
refinement. Moreover, the aluminum alloy’s grain size decrease from 
around 4000 to below 100 microns in two minutes shows the alloy 
elements in the solute helped to nucleate the grains which caused a 
smaller average grain size. 
5. The observation of the microstructure of Al-Ti-B grain refiners shows 
that the small sizes but large quantities of TiB2 particles were engulfed 
by the surface of large Al3Ti particles and also spread on aluminum 
substrates. The combination of two particles may result in more 
efficiency in nucleating α-Al grains than individual TiB2 particles at 
grain boundaries (Guzowski et al., 1987). And the Al3Ti particles’ 
agglomeration with transferred mass on Al3Ti surfaces formed the large 
compound particles (Wang et al., 2015). 
 As for future work, consideration should be given to applying the experimental 
data on building and verifying a mathematical model for calculating the refined grain size. 
Analyzing the data by using different methods, such as observing the microstructures of 
grain refiners by applying TEM is recommended. Finally, expending the experiments to 
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